The virulent Venezuelan equine encephalitis (VEE) virus strain, Trinidad donkey (TRD) and its vaccine derivative strain TC-83, demonstrated biological and biochemical differences in their replication. These two viruses had similarly shaped growth curves; however, TRD virus-infected cells produced significantly more infectious virus than did the TC-83 virus-infected cells during the very early period of the replication cycle. TRD virus inhibited host cell protein synthesis in Vero cells earlier than did TC-83 virus as measured by the incorporation of [35S]methionine into cellular proteins. Virus-specified proteins were detected 1 to 2 h earlier in TRD virusinfected cells than in the TC-83 virus-infected cells; however, pulse-chase studies failed to show differences in the processing of the viral structural proteins in cells infected by either of the viruses. TRD virus-infected ceils produced more virus RNA than did the TC-83 virus-infected cells, and analysis of the intracellular viral RNA species showed an increased synthesis of 26S RNA in the TRD virus-infected cells. The difference in amounts of 26S virus RNA produced was most pronounced early during the infection and may explain why TRD virus infection resulted in an earlier production of viral proteins and inhibition of cellular protein synthesis than was observed in the cells infected with the avirulcnt vaccine strain of VEE virus.
INTRODUCTION
The replication of Sindbis and Semliki Forest alphaviruses has been extensively studied (Strauss & Strauss, 1977; K~i~iri~iinen & S6derlund, 1978) . Venezuelan equine encephalitis (VEE), an alphavirus in the family Togaviridae, has been shown to have similar replication events in the limited studies that have been done. One-step growth curves are characterized by a short latent period of 3 to 4 h followed by an exponential increase in virus titre until about 12 h, after which the rate of virus production decreases. Cytopathy usually becomes evident 20 to 48 h post-infection (Hardy & Brown, 1961) . During the exponential phase of virus production, nucleocapsid structures accumulate which mature by budding through cellular membranes to acquire an envelope (Mussgay & Weibel, 1962) . Virus replication events depress cellular RNA and protein synthesis by the time that virus RNA and RNA polymerase activity are first detectable (Lust, 1966; Zhdanov et al., 1969) . VEE virus proteins are detectable by fluorescent antibody as early as 4 h post-infection (Hanon, 1970) . The virus structural proteins, which include the envelope proteins E1 and E2 and the nucleocapsid protein (C), and also the putative precursor to E2 (PE2), are found by pulse-chase techniques in VEE virus-infected cells . In addition to the structural proteins, a virus protein of 98000 daltons which is a precursor to both E t and EE has been identified by peptide mapping, radioimmunoprecipitation, and pulse-chase techniques (J. O. Mecham & D. W. Trent, unpublished observations) .
The VEE virus complex contains viruses which represent a spectrum of virulent and avirulent strains (Johnson & Martin, 1974 ) which provide convenient model systems for studying virulence. Two such VEE viruses are the equine-virulent Trinidad donkey (TRD) strain (Randall & Mills, 1944) and its avirulent vaccine derivative, TC-83 virus (Berge et al., 1961) . We have examined the biochemical events during replication of these two VEE strains in cell culture by analysing viral and host protein synthesis and viral RNA synthesis.
METHODS
Viruses and cells. The TRD and TC-83 strains of VEE virus were obtained from the reference collection at the Centers for Disease Control, Fort Collins, Co., U.S.A. African green monkey kidney (Vero) cells were grown in Eagle's minimum essential medium (MEM) containing penicillin, streptomycin, 2 mi-glutamine and 10~o foetal calf serum.
One-step growth curves. Confluent monolayers of Veto cells in 75-cm 2 culture vessels were infected with TRD or TC-83 virus at 10 to 20 p.f.u./cell. Virus was adsorbed (for 30 min at 37 °C) to the cells, which were washed with warm phosphate-buffered saline (PBS) pH 7-2, and incubated in MEM containing 0. l ~ bovine serum albumin. At hourly intervals post-infection, aliquots were removed from the cultures and frozen at -70 °C until they were assayed for infectivity and haemagglutination activity.
Plaque assays were done on Veto cell monolayers (Monath, 1976) . Virus haemagglutination titres were determined according to the technique of Clarke & Casals (1958) .
Discontinuous SDS-polyacrylamidegelelectrophoresis. SDS-PAGE was done in slab gels, 1-5 mm thick similar to the method of Laemmli (1970) . Resolving gels, 8.5 cm long, consisted of 10~ acrylamide, 0-44~ N,N'-diallyltartardiamide (DATD), 0.1 ~ SDS, and 2-5 M-urea in 0.375 M-Tris-HCI pH 8.9 and were polymerized with N,N,N',N'-tetramethylethylenediamine (TEMED) and ammonium persulphate (APS) at final concentrations of 0.06~ and 0-02~ respectively. Stacking gels, 2 cm in length, consisted of 5~ acrylamide, 0.22~ DATD, 0.1 ~o SDS and 2-5 M-urea in 0-125 M-Tris-HCI pH 6.7, and were polymerized by adding TEMED and APS to a final concentration of 0-05~ and 0.25~ respectively. The electrophoresis buffer consisted of 0.05 M-Tris base, 0-384 Mglycine and 0.1 ~o SDS. Samples suspended in PAGE sample buffer (2.5 ~o 2-mercaptoethanol, 1.25~ SDS, 0.38 Mglycine, 0-05 M-Tris base, 10~ glycerol) were made 0-005~ with bromophenol blue and electrophoresed at 20 mA/gel. Following electrophoresis, the gels were fixed overnight in a solution containing 25 ~ isopropanol, 10 glacial acetic acid and 1 ~ glycerol. The gels were then impregnated with PPO dissolved in dimethyl sulphoxide according to the method of Bonner & Laskey (1974) .
Kinetics ofintracellular viralprotein synthesis. Vero cell cultures in MEM (without methionine) containing 2~ foetal calf serum were infected with 10 to 20 p.f.u./cell and pulsed with 25 ~tCi/ml [35S]methionine (New England Nuclear) for 30 min at hourly intervals post-infection. The cell sheets were washed with PBS, and lysed with RIPA buffer (1~ Triton X-100, I~o sodium deoxycholate, 0-1~ SDS, 0-15 M-NaC1, in 0.05 M-Tris-HC1 pH 7.2) containing 1 ~ Trasylol (FBA Pharmaceuticals, New York, N.Y., U.S.A.) (Brugge & Erikson, 1977) . The cell lysate was precipitated with ethanol overnight at -20 °C, centrifuged at 10000g for 30 min at 4 °C and the precipitate resuspended in 200 btl of PAGE sample buffer and analysed by SDS PAGE.
Pulse-chase experiments. Cells were infected with virus at l0 to 20 p.f.u./cell, and at the times indicated postinfection, the cells were treated with 335 mi-NaCl (Saborio et al., 1974) in MEM (without methionine) containing 2~o foetal calf serum. After 45 min, the salt block was released by washing the cells with warm PBS and the cells labelled with 25 ~Ci/ml [35S]methionine (New England Nuclear) in MEM (without methionine). The processing of labelled proteins in the cells was followed by adding MEM which contained five times the normal amount of essential amino acids and incubating the cultures for various lengths of time. The cells were washed with PBS and lysed with RIPA buffer; the proteins were precipitated with ethanol, and analysed by SDS-PAGE.
Molecular weight determinations ofvirat intracellutar proteins. Molecular weights of the intracellular virus proteins were determined by comparing the electrophoretic mobilities of proteins of known mol. wt. (Weber & Osborn, 1969) .
Growth and purification ofradiolabelled v&us. Vero cells were infected with virus at a multiplicity of 1 to 2 and incubated in Eagle's MEM deficient in methionine, supplemented with 2~ foetal calf serum. L-[35S]methionine (|0 ~tCi/ml, New England Nuclear) was added to the infected cell cultures at 4 to 6 h post-infection, virus was harvested at 48 h after infection, and purified as previously described .
Intracellular viral RNA synthesis. The kinetics of intracellular viral RNA synthesis in Vero cell cultures was determined by infecting actinomycin-treated (5 vtg/ml) cells at a multiplicity of 10 to 20 and radioactively labelling the cells for 30 min at hourly intervals with 5 ixCi/ml [5-3H]uridine (New England Nuclear). Following the labelling period, the cells were washed with TNE (0-15 M-NaCI, 0-001 M-EDTA in 0-01 M-Tris-HCI pH 7.8) and lysed in buffer containing 0.1 M-NaCI, 1 ~o SDS, 1 ~ 2-mercaptoethanol, 0-001 M-EDTA in 0-01 M-Tris-HCI pH 7-2. An aliquot of the supernatant fluid was precipitated with 10 vol. ice-cold 7~ trichloroacetic acid (TCA) for 15 rain and collected on Whatman GF/A glass fibre filters. The filters were washed with three 5-ml vol. of cold 7~ TCA, dried overnight at 56 °C and the radioactivity was measured. Intracellular virus RNA species were isolated from infected cells and analysed on sucrose density gradients. Cells infected at 10 to 20 p.f.u./cell and treated with actinomycin D (5 ttg/ml) were labelled with 20 ~Ci/ml [5-3H] -uridine for 60 min at 4 h and at 7 h-post infection. Following the labelling period, the cells were washed and the RNA extracted as previously described (Mecham & Trent, 1982) .
RESULTS

One-step growth curves
One-step growth curves for TRD and TC-83 viruses in Vero cells had latent periods of about 4 h (Fig. |) . TRD virus produced an average of 2-5 times more infectious virus under identical conditions than did the TC-83 virus during the first 12 h following infection. By 18 h postinfection, both TRD and TC-83 viruses had produced equivalent amounts of infectious virus (data not shown). Viral haemagglutinin, determined at the optimal pH for each virus, was first detectable at 7 h post-infection in TRD virus-infected cells and at 9 h post-infection in TC-83 virus-infected cells (Fig. 1 ). Cells infected with TRD virus produced 8 to 16 times more haemagglutinin than did the TC-83 virus-infected cells during the first 18 h of infection.
Protein synthesis in VEE virus-infected cells
Viral protein synthesis in VEE virus-infected cells was examined to evaluate differences between the two viruses in the appearance of virus-specified proteins and the inhibition of host cell protein synthesis (Fig. 2) . Proteins which have been designated as virus-specified are those which were either absent in uninfected controls, or greatly increased in intensity in infected cells as compared to the uninfected controls. Intracellular virus proteins, which co-migrated with structural proteins designated E1 and C, were clearly evident in both TRD-and TC-83-infected cells and represented the intracellular forms of these virus proteins (Fig. 2a, b) TRD virus infection had inhibited most of the host protein synthesis by 4 h post-infection (Fig.  2b) , whereas cellular synthesis continued in the TC-83 virus-infected cells after 6 h of infection (Fig. 2a) . The kinetics of virus protein synthesis in the cells infected by the two viruses was different (Fig. 2 a, b) . In cells infected with TRD virus, a 98 000 and an 83 000 dalton protein appeared at 3 to 4 h post-infection which were absent in TC-83 virus-infected cells at this time interval (Fig.  2a, b, lanes 3 and 4) . The 77000 dalton protein, which was very distinct in the TC-83 virusinfected ceils, was present in only small amounts in TRD virus-infected cells. Several low mol. wt. proteins appeared 1 to 2 h earlier in TRD virus-infected cells than they did in TC-83 virusinfected cultures. The P65 protein which appears to be the precursor of the E2 viral envelope structural glycoprotein J. O. Mecham & D. W. Trent, unpublished results) and the E~ glycoprotein appeared 1 to 2 h earlier in cells infected with T R D virus as compared to cells infected with TC-83 virus. Similar types of viral proteins were also seen in the extracts from cells infected with both viruses; however, synthesis of cellular proteins (as indicated by the many non-viral protein bands seen in the gel profiles) appeared to be from three to four times greater in cells infected with TC-83 as compared with those infected with T R D virus.
Intracellular processing of virus-specified proteins
The processing of virus-specified intracellular proteins was analysed by pulse-chase studies to determine whether there were differences in the types, amounts, or processing of the proteins specified by the two viruses. Autoradiograms from pulse-chase experiments carried out 7 h after infection are shown in Fig. 3 . Differences in the appearance and disappearance of several higher mol. wt. putative viral proteins can be seen in the profiles. Proteins of mol. wt. 98 000 and 83 000 were present in the TRD virus-infected cells after all the chase periods used, but disappeared from TC-83-infected cells if chased for longer than 30 min. The 77000 dalton protein was present in all of the chase period profiles of TC-83 virus-infected cells, but was only present in TRD virus-infected cells when there was no chase period following a long pulse. There was more Et in TC-83 virus-infected cells at all the time periods than was present in the T R D virusinfected cells. Detectable levels of the E2 glycoprotein appeared 30 min sooner in TC-83 than in TRD virus-infected cells. The latter produced more capsid protein as well as several species of smaller viral proteins (i.e. 27000, 20000, 16000 and 12000 daltons) than were present in TC-83 virus-infected cells. In spite of these apparent differences in processing, cells infected with both viruses produced the same virus-specified proteins. No new proteins were seen in cells infected by either virus. It was next asked whether the differences observed between T R D and TC-83 viruses at 7 h post-infection resulted from differences in the processing of intracellular viral proteins or were simply an outcome of looking at different points on the growth curves. This was evaluated by pulse-chasing T R D virus-infected cells at 4 h instead of 7 h post-infection. Autoradiographs of the P A G E analysis of cell extracts at this time point showed the profiles of the T R D virus intracellular proteins to be very similar to that of TC-83 virus shown in Fig. 3 (data not shown) . The amounts and apparent processing of the larger viral proteins (77 000, 83 000 and 98 000 daltons) as well as P65, E1 and E2 were comparable. It was noted, however, that T R D virus infection still resulted in the production of more capsid (C) protein as well as the other smaller viral proteins (12000, 16000 and 27000 daltons) than did TC-83 virus infection.
Analysis of intracellular viral RNA
An examination of the amounts of virus-specific intracellular R N A produced at hourly intervals post-infection revealed that T R D virus-infected cells produced three to four times more viral R N A than was seen in the TC-83 virus-infected cells at the peak of viral R N A synthesis, 3 to 4 h post-infection (Fig. 4) . TC-83 virus showed a slightly biphasic curve of R N A synthesis, with the slight increase in R N A synthesis occurring at 7 h post-infection.
The species of intracellular virus R N A produced in the T R D and TC-83 infected cells were examined to determine whether there were differences in species or amounts of R N A produced by the two viruses. Analysis by sucrose density gradient centrifugation of intracellular viral R N A isolated from cells infected with TC-83 virus from 4 to 5 h (Fig. 5a) , and 7 to 8 h (Fig. 5b) , and T R D virus from 4 to 5 h (Fig. 5 c) and 7 to 8 h (Fig. 5 d) revealed three major species of virus RNA, which were approximately 26S, 34S and 42S. Two points emerged from these analyses. First, cells infected with TRD virus produced approximately twice as much 26S RNA in comparison to 42S RNA as did TC-83 virus-infected cells both early and later in the infection cycle (compare Fig. 5 a, b with Fig. 5 c, d) . Secondly, TC-83 virus-infected cells produced more of the 34S RNA species (particularly early in infection) in comparison to the other two species than did TRD virus-infected cells. The intracellular viral RNA species were also analysed by agarose gel electrophoresis to confirm the existence of three species of RNA. By this analysis, TRDinfected cell extracts contained from 4 to 6 times more 26S RNA in comparison to 42S RNA than did cells infected with the TC-83 virus (data not shown).
DISCUSSION
The general course of virus replication, as determined by one-step growth curves, was similar for both TC-83 and TRD VEE viruses; however, released virus was detected at least 1 h earlier from cells infected with TRD virus. The observation that cells infected with either virus eventually produced similar titres of virus suggests that cells infected with TC-83 virus produce virus for a more prolonged time at a slower rate than do TRD-infected cells. Our results differ from those of Scherer et al. (1971) , who reported that a virulent strain of VEE virus grew slower and reached lower maximum titres in BHK cells than the attenuated TC-83 virus.
The data from the present study are consistent with the idea that inhibition of host cell protein synthesis results primarily from substitution of cellular mRNA by viral mRNA (Wengler & Wengler, 1976; Lachmi & K~i~irifiinen, 1977) . The decline in host protein synthesis in VEEinfected ceils paralleled the increased rate of virus RNA synthesis observed in cells infected with both virulent and avirulent viruses. Cells infected with TRD virus produced more virus RNA than cells infected with TC-83 virus, and protein synthesis in TRD virus-infected cells was inhibited earlier and to a greater extent than in TC-83 virus-infected cells. These results are similar to those observed with temperature-sensitive mutants of Semliki Forest virus (Ker/inen & K~i/iri/iinen, 1975) . Madansky & Bratt (1981) have attributed the non-cytopathic nature of certain mutants of Newcastle disease virus to decreased rates of viral RNA synthesis in infected cells.
The species of VEE virus RNA associated with the polyribosomes during the early and later stages of viral infection has not yet been determined. It is known, however, that both the 26S and 42S RNAs are associated with polyribosomes in cells infected with Sindbis and Semliki Forest viruses, that the 26S RNA is the predominant messenger present (Mowshowitz, 1973; S6derlund et al., 1974) and that the majority of 42S RNA becomes associated with nucleocapsid structures (S6derlund, 1973; Simmons & Strauss, 1974) . If the 26S is the predominant species of mRNA in VEE virus-infected cells, this could explain why TRD virus was capable of more effectively inhibiting host protein synthesis. The increased production of 26S RNA after infection with TRD virus would also explain the earlier and more abundant appearance of viral structural proteins (i.e. El) and structural protein precursors (i.e. P65), since the amount of 26S RNA has been directly correlated to the amount of alphavirus structural proteins produced in infected cells (Lachmi & Ka/irifiinen, 1977) .
The 34S RNA species observed in the sucrose density gradient profiles is probably a conformational variant of the 26S and/or 42S RNA species, as observed by Kennedy (1976) with Semliki Forest virus. However, the 34S species could be truncated versions of the 42S RNA which would then be packaged into defective interfering (DI) particles (Stollar, 1980) . If this were the case, it could help explain why TC-83 virus-infected cells produce less 26S RNA in relation to 42S RNA and why viral protein synthesis and production of mature virions is delayed in TC-83. However, this possibility seems remote because the present studies were carried out under single-cycle growth conditions with virus stocks produced from a low-multiplicity infection. Additionally, we have been unable to detect any difference in the ability of TC-83 virus and TRD virus to generate DI particles after 16 serial passages in four different cell lines (J. O. Mecham & D. W. Trent, unpublished observations) . Specific identification of the VEE 34S RNA species awaits oligonucleotide mapping.
The observed differences in the replication of the two viruses in the present study may be related to virulence in vivo in the animal host. The immune response may be important in modulating the virulence of VEE virus strains (Jahrling et al., 1974) . Higher replication rates could allow virulent strains to spread to target organs before the host's immune system is sufficiently stimulated to act against the virus. It has been suggested that avirulent strains of VEE virus are better inducers of interferon than virulent strains (Jahrling et al., 1976) . The kinetics of synthesis and species of viral RNA synthesis in infected cells or the extent to which the virus inhibits host protein synthesis may affect interferon production. Once the virus is established in the target organ(s), the severity of cytopathological changes, as determined by the rate of replication, may be important in the pathogenesis of the disease either directly by cytolysis or indirectly by augmenting inflammatory responses (LeBlanc et al., 1978; Berger, 1980) . It still remains to be determined why TRD virus-infected cells produce more viral RNA (especially 26S RNA) than TC-83 virus-infected cells. The virus-specified polymerases or the polymerase-binding sites on the replicative intermediate may be different for the two viruses. In vitro polymerase assays with purified polymerases and sequencing of the 42S genome RNA should help resolve these questions.
